ABSTRACT: A multidisciplinary approach led to the discovery of several gold and base metal occurrences during the 1996-1998 exploration campaign in the Takengon tenement of the Aceh magmatic arc, north Sumatra. Mineralization types included: (i) Au + base metal-bearing quartz veins; (ii) porphyry Cu-style mineralization; (iii) skarn-like Au and Cu-sulphide mineralization; and (iv) granite-hosted molybdenite veins. Regional structural interpretation of synthetic aperture radar and Landsat Thematic Mapper satellite images revealed prominent NNW-SSE and NNE-SSW trending fault zones that cross-cut the region and that were later shown to be spatially related to mineralization. Results from stream sediment analyses delineated several areas that were anomalous in Au Cu, Pb, Zn, Mo and As, and mineralized bedrock was encountered in some of these areas during a subsequent lithogeochemical survey. An airborne geophysical survey defined a broad region characterized by a low magnetic response with locally high magnetic relief, and moderate to high potassium (K) but low thorium (Th) counts. In addition, the geophysical signals outlined smaller isolated areas that exhibit moderate magnetic anomalies and variable low to high K values. An integrated map with superimposed geological, geochemical and geophysical data demonstrates that results from the various prospecting techniques were generally complementary. Where mineralized and altered rocks occur, the adjacent sediments are metal-bearing (Au Cu Pb As) and the geophysical responses are magnetic, and moderately to highly radioactive (K). In one case in which stream sediments were not auriferous, the discovery of Au-and base-metal-bearing quartz veins was possible through a combined exploration approach consisting of pathfinder elements (As and Pb), elliptical magnetic lineament, moderate to high K anomalies, and regional structures.
Sumatra consists of metamorphosed Permo-Carboniferous basalts and andesites, as well as metasedimentary rocks. Juxtaposed to the axis of the mountains are Jurassic-Cretaceous terranes such as blueschist and ultramafic rocks. All of the above-mentioned rocks were intruded by Cretaceous to Tertiary metaluminous to peraluminous granites and locally diorites. These intrusions are unconformably overlain by sedimentary and volcanic rocks of Tertiary age or younger (Bennett 1981) . Quaternary volcanic and shallow intrusive rocks occur mostly in the eastern part of the region (Page et al. 1979) . To the SW and north lie narrow strips of alluvial plains.
The Barisan mountains are transected by the dextral strikeslip Sumatra Fault System (SFS) that parallels the island for 1650 km and has been active since the Tertiary (Page et al. 1979; Bennett 1981 ; Fig. 1 ). The SFS has served as the primary locus for much of the magmatism and mineralization in the region (Carlile & Mitchell 1994) . Most of these geological features of north Sumatra have been attributed to the oblique subduction of the Indian oceanic plate beneath the western Sundaland continental margin (Hamilton 1979) , and the southward subduction of the oceanic crust along the northern offshore of Sumatra (Carlile & Mitchell 1994) . A more recent account of the tectonic setting of Sumatra can be found in Malod & Kemal (1996) .
North Sumatra hosts many metallic mineral prospects ranging from the sub-economic Tangse porphyry Cu-Mo deposit to the Miwah high-sulphidation epithermal Au occurrence (Van Leeuwen 1994; Fig. 1 ). These deposits are located within the Neogene Aceh magmatic arc, which is the youngest among the three mineralized magmatic arcs on Sumatra (Fig. 1) . Mineralization is of Miocene to Pliocene age and structurally controlled by the SFS (Corbitt & Leach 1996) . To the west within the older Sumatra-Meratus arc is porphyry-style Mo and Sn mineralization associated with the composite Sikuleh batholith, of which its younger intrusion was dated to be 97.7 0.7 Ma on the basis of K/Ar analyses on two biotites and one hornblende .
Physiography
The Takengon tenement consists of ridges in the SW and west, an intrusive complex (or complexes) in the south central area, a volcanic landform in the SE, and an alluvial plain in the north (Fig. 2) . The ridges, which constitute part of the NE foothills of the Barisan mountains, attain elevations of 1500 to 2500 m. They are steep, trend NNW-SSE to NW-SE, and parallel the regional lineament directions. A series of smaller ridges forms a semi-circular feature SE of the Bruksah River. The intrusive complex is dominated by the Bergang pluton, which has a relatively flat top, and other smaller satellite bodies of diorite to granite. Andesitic pyroclastic rocks from the Quaternary Geureudong volcano (2855 m) in the SE cover most of the eastern half of the tenement (cf. Cameron et al. 1983) . Hot springs on the flanks of the volcano attest to recent magmatism. Immediately to the north, N-S trending low hills and rises (c. 500 m high) separate the volcanic landform from the alluvial coastal area further north.
The average temperature in the interior is 23 C. Annual rainfall is about 2 m in the lowland area (Aceh Department of Forestry, pers. comm.) . Although the rainy season normally occurs from late October to April, precipitation can fall in the mountains throughout the year, albeit for less than 2 hours. Extensive drainage systems develop in the gorges between the ranges in the SW and around the Geureudong volcano in the east. Peusangan, Bruksah and Semelit rivers are juvenile, deeply incised, and dendritic. The steep gradients of the ridges cause local turbulent flows and rapids in many parts of the rivers. The streams in the SW generally consist of cobble and boulder with patches of gravel and sand. Bennett & Kartawa 1981) . The area on the map is slightly smaller than that explored by the joint British and Indonesian Geological Surveys from 1975 to 1980. Other sources of information: magmatic, mineralized arcs of Sumatra (Carlile & Mitchell 1994) ; mineral occurrences at Tangse, Miwah and Beutong (Van Leeuwen 1994), Sikuleh (Page et al. 1978) and Pisang Mas and Takengon Block (Mulja 1998). In contrast to the shrubs and bushes of the lowlands, the mountains in the tenement are covered by virgin tropical rain forests. Outcrops are exposed mostly along the rivers and recently eroded or uplifted areas. Regolith is composed mainly of brown soils of various thicknesses over saprolite, which varies from 1 m thick near streambeds to 8 m thick on hill slopes. The higher areas are commonly marked by the erosion of top soils, exposing the underlying clay zone and hardcap. Boulders of partly weathered bedrock are scattered on midslopes and foothills. Transported regolith in river valleys varies from clay-to boulder-sized, and some of the latter are sub-angular massive quartz. The northern depositional plain consists mainly of semi-consolidated gravels with some clay and boulders (Keats et al. 1981) . From 1975 From to 1980 , regional geological mapping and geochemical prospecting in northern Sumatra (Fig. 1) by the British Geological Survey and the Mineral Resources Division of the Indonesian Directorate of General Mines and Energy produced geological maps and a series of stream sediment geochemical maps at the scale of 1:250,000 (Page & Young 1981) . Drainage sediment fraction of 150 to +100 µm was analysed for at least 17 major, minor and trace elements; Au was not on the list. Page & Young (1981) reported that both Cu and Pb contents were less than 29 ppm in almost all samples within the area subsequently pegged as the Takengon tenement, and that only two samples registered the highest interval values between 30 and 49 ppm. The same authors, on the basis of the 97% confidence level in a Gaussian distribution, set the regional threshold value of Cu at 75 ppm and Pb at 45 ppm. At these levels, virtually none of the 1975-1980 sample assays within the tenement was considered anomalous in these metals. The high threshold values most likely stemmed from the inclusion in the statistical calculations of relatively Cu-and Pb-rich sediments associated with several base metal prospects in the region (e.g. Beutong, Tangse; Fig. 1 ). For this reason, we reinterpreted the raw geochemical maps (1:250,000), and determined that, within the tenement and for the purposes of our exploration, a sample was anomalous if its element content was at least three times larger than that of its surroundings. The results showed 'anomalies' of Cu, Zn, Mo and As in the southern part of the tenement, Ag, Pb, Mo and As at the confluence of the Semelit and Peusangan rivers, Pb and Zn in the middle part of the area, and Pb in the east (Fig. 3) . Lithogeochemical data and information on hard-rock mineral occurrences were unavailable. Figure 4 is a summary of the major stages of the 20-month exploration programme beginning in May of 1996. There were no field activities between January and June 1997, pending the signing of the final contract with the government. This time was used instead to carry out an airborne geophysical survey in the southern half of the tenement. By the end of May 1998, the following work had been completed: regional and semidetailed sampling of stream sediments and rocks in all important drainage systems, regional structural interpretation of synthetic aperture radar (SAR) and Landsat Thematic Mapper (TM) images, airborne geophysics and mineralogical studies (petrography and powder X-ray diffraction on clay minerals).
PREVIOUS SURVEYS

EXPLORATION PROGRAMMES
GEOLOGY OF THE TAKENGON TENEMENT
Lithological units
The following geological description of the Takengon tenement area is drawn from Cameron et al. (1983) ; Keats et al. (1981) unless otherwise stated. The petrography and mineralogy of the lithological units are the result of our recent work. The oldest rocks in the tenement are quartzite, metaconglomerate, phyllite, and minor schist and amphibolite of the Carboniferous-Permian Kluet Formation (Fig. 5) . Quartzite is light grey-white and exhibits a massive texture of interlocking, medium-sized anhedral quartz grains, whereas the phyllite is composed of alternating layers of fine-to coarsegrained quartz-feldspar-pyrite and muscovite-garnet crystals. Unconformably overlying these basement rocks is the Late Oligocene Bruksah Formation, which itself is overlain by late Palaeozoic to early Mesozoic limestone and marble of the Situtup Formation. This reverse stratigraphy is a result of the limestone and marble being thrust from the SW over the younger sedimentary sequences during Lower Tertiary time. The limestone varies from milky white to light brown and consists of fine-to medium-grained calcite, dolomite and minor quartz. Some sections of the limestone host lenses of pyrite-rich quartz aggregates and other opaque minerals set in a finegrained calcite groundmass.
The Bruksah Formation, together with other younger sequences of siliciclastic rocks, covers most of the western part of the tenement (Fig. 5) . The Bruksah consists mainly of intercalated greywacke, feldspathic litharenite, and arkosic sandstone, but also includes mappable units of conglomerate, dolomitic limestone and mudstone. The litharenite contains bivalve fossils, whereas limestone hosts forams and worm fossils. Narrow zones of breccia and mylonite with local pyrite masses occur in the greywacke and litharenite. Overlying these rocks is the Bampo Formation, which is dominated by grey to black pyritic mudstone containing leucocratic bands of coarsergrained quartz and potassium feldspar crystals. Like the Bruksah Formation, the mudstone is locally sheared. Unconsolidated to semi-consolidated Quaternary sedimentary and volcanic rocks unconformably overlie the siliciclastic rocks, especially in the east and north.
Late Palaeozoic-Mesozoic Semelit and Bergang felsic plutons represent the earliest recorded intrusion, and they were emplaced on the basement rocks, particularly phyllite and quartzite units (Fig. 5 ). According to Cameron et al. (1983) , each of the plutons has an aerial extent of 15 km 2 , yet their geological map shows the Semelit pluton to be much smaller than the Bergang pluton. Our geological reconnaissance programme indicated that the Semelit pluton is indeed much smaller than the Bergang pluton, but larger than that on the map. In addition, the Bergang pluton is rounder than indicated. Previously unreported small granodioritic to granitic intrusions pepper the area between the two plutons, and some of these intrusions form steep, prominent peaks. The Semelit pluton, previously considered to be a hornblende granite, varies in composition from granodiorite to porphyritic granite. Furthermore, agglomerates and felsic pyroclastic rocks were found to occur adjacent to the Semelit pluton.
The oldest volcanic rock is basalt that occurs in the SW where it is interbedded with the Situtup limestone. This spatial relation suggests that the basalt was emplaced during the Mesozoic. Cameron et al. (1983) interpreted the basalt-limestone association to represent a palaeovolcanic arc-fringing reef environment. Our observations revealed vesicular, porphyritic flows with clinopyroxene and plagioclase phenocrysts, and fine-grained opaque oxides as accessory minerals. Widespread volcanism in the east and north occurred during the Quaternary (Rock et al. 1982) , particularly the andesitic to dacitic pyroclastics from the Geureudong volcano that cover the entire southeastern area. Cameron et al. (1983) recognized NW-SE-, NE-SW-and E-W-trending faults in the tenement (Fig. 5) structures form the boundaries between rock types of different ages. Most of the faults cut all the Tertiary and older rocks, thus have been active since at least the Oligocene. Regional-scale folds plunge toward the NE, east and SE. A more intricate network of lineaments in the Takengon tenement was interpreted from synthetic aperture radar (SAR) and optical LANDSAT TM images (Fig. 6 ). The most prominent structure is the sinistral NW-to NNW-trending zone (330 ) that crosses the SW quadrant of the region and corresponds to a topographic ridge. This 1.5 to 2 km wide zone is oriented sub-parallel to the Sumatra Fault System and may be an offshoot of that structure. The second most important structures are the dextral NNE (30 ) faults that cross the entire area from SW to NE, and intersect the NNW faults to create conjugate faults. Fault movement and strike continuity were verified during field examination, and the displacement along the NE-SW fault observed in rocks along the Bruksah River varies from 20 to 50 cm. In the area of the conjugate faults, the NW-SE faults dip 50-80 SW, whereas those NNE-SSW faults dip 30-65 E. Another major fault crosses the region from east to west in the northern part of the area. Its linearity and location perpendicular to the fold axis imply a normal fault or a shear zone.
Structural interpretation of remote sensing images
The tenement is affected by kilometre-spaced folds (chevron?), particularly in the north. The proposed stratigraphy (older to younger sequences from south to the north) and the attitude of the folds suggest that they plunge moderately toward the north or NE. Three circular features can be discerned easily from the LANDSAT and SAR images (Fig. 6 ). The elongated feature located in the south central part of the block corresponds to the Bergang granite. The larger circular feature in the SE is the caldera of the Geureudong volcano, and the smaller represents a dome on its slope.
An updated geological map of the SW quadrant of the Takengon tenement
The structural interpretation of the remote sensing and field data resulted in an updated geological map for the southwestern part of the Takengon tenement (Fig. 7) . The NNE-trending fault is more extensive than previously thought, and diagonally transects the southwestern quadrant. Similarly, the NNWtrending faults form a 1 to 1.5 km wide lineament zone that spans beyond the tenement boundary. These faults parallel the lithologic contacts between the basement rocks and Tertiary mudstone of the Bampo Formation. The NNW-and NNEtrending faults criss-cross to form a major conjugate fault system in the SW. In addition, complex cross-cutting relations between faults of various orientations are found along the western and northern sides of the Semelit pluton.
Small intrusive bodies occur in the area between the Semelit and Bergang plutons, but the areal extent of each remains undetermined. These intrusions are crudely aligned in an E-W direction. The limestone in the western corner is interbedded with basalt-andesite flows, similar to those in the east.
GEOCHEMICAL EXPLORATION
Area selection
On the basis of literature research, initial site visits and remote sensing studies, the SW quadrant of the tenement was selected as the primary area of interest (AOI) for a regional reconnaissance survey (Fig. 7) . Particular attention was placed on major drainage systems that are structurally controlled by large-scale faults, in areas where metal anomalies in stream sediments were reported previously, and in the conjugate fault zones.
Sampling and analytical methods
The regional reconnaissance stage in the AOI involved sampling of stream sediments and rocks along the first-, second-and third-order tributaries of the major drainage systems. Sampling density during Phase I was generally one sample per 3 to 4 km 2 . During the follow-up phase, the density rose to one or two samples per 1 km 2 , depending on the importance of the target and the nature of the terrain. During the second phase, a chartered helicopter was routinely used to transport the field crew to and from base camps in the rugged and remote areas. The helicopter was not normally used to collect samples. Four teams of geologists and supporting field personnel conducted sampling and mapping. On average, each team traversed c. 2 km a day and covered four sampling sites.
Three types of stream sediment samples were taken: <80-mesh fraction of stream sediments (SS), bulk leach extractable Au (BLEG) and pan concentrates (PC). Where possible, three types of samples were taken within the sampling site area. In the ranges of the SW, however, sparse stream sediments in the firstand even second-order tributaries resulted in only SS samples being taken. Sample preparation was conducted in the field. BLEG samples were collected from the active stream channel, away from the banks of the river, by first removing the top layer of sediments (typically 0.5 m thick). Each of the BLEG samples Cameron et al. 1983; Keats et al 1981) .
weighed between 2 and 3 kg, and consisted of sand and silt (<3 mm). SS and PC samples were collected from bar head or boulder traps, and consisted of variable material sizes ranging from clay to gravel. The SS were wet-sieved through an 80-mesh nylon sieve and at least 50 g of the resulting fraction were then placed in a plastic sample bag. Three shovelfuls of sediments (c. 5 kg) were panned in a traditional Indonesian wooden Au pan ('dulang') in order to collect a minimum of 20 g of concentrates. Rock chip and float samples (1 to 2 kg) were collected concurrently with the stream geochemical survey. These samples were taken from unmineralized, altered and mineralized outcrops for general reference, petrography, and assaying.
Two commercial laboratories in Indonesia, Indo Assay and Inchcape, analysed the samples. Stream sediment and rock samples were analysed initially for Au, Ag, Cu, Pb, Zn, As, Mo and Sb, whereas BLEG and PC samples were analysed for Au and Ag. In subsequent analyses, Ag was omitted for all media, and Mo and Sb were omitted for SS and rock samples. The SS fraction and rock samples were analysed by atomic absorption spectrometry (AAS) following aqua regia and perchloric acid digestion, respectively, and the PC samples by fire assay. During the second phase, PC samples were not chemically analysed, but were instead examined visually for Au grains. BLEG samples were roll-leached in dilute sodium cyanide solution for 24 hours followed by DIBK extraction and analysis with graphite furnace AAS.
Indo Assay claimed that the accuracy for Au analyses was 10%. For precision 44 Au analyses in split rock powders (aliquots) generally showed small variations (<0.5 ppm), with the exception of four float samples that differed by up to 4600 ppm. For stream sediments, the variations for 14 duplicate Au analyses ranged within 20% at the 95% confidence level. The discrepancy in the reanalysis of rock and SS samples could be due to the sample heterogeneity or nugget effect.
RESULTS
Data treatment
The majority of Au values were below the detection limit of 0.5 ppb and 5 ppb for BLEG and SS samples, respectively, and the remainder had Au contents at least twice the detection limit (Table 1) . Similarly, most of the analysed rock samples had metal concentrations below the median value (Table 1) , and those with elevated contents were from restricted localities. In such a situation, anomalous patterns are geologically more significant than anomalous values (Govett 1983) . These patterns are based on the metal content of a sample relative to those of the adjacent samples. Applying this comparative method, BLEG and SS samples with respective Au contents of d3 ppb and >5 ppb were considered to have an anomalous Au pattern. Using the same method, values for the anomalous rock sample patterns were set at c. 0.1 ppm for Au, 80 ppm for Cu, 30 ppm for Pb, 70 ppm for Zn, and 60 ppm for both As and Mo. The threshold values for Cu, Pb, Zn and As in the stream sediment of Table 1 were established with the statistical method of Sinclair (1976) .
Metal dispersion in stream sediments
The first-pass geochemical reconnaissance detected some of the highest Au values in SS samples (150 and 50 ppb) near the western periphery of the Bergang pluton (Fig. 8A) . The corresponding BLEG samples, however, contained less than 1 ppb Au, and only one of the samples adjacent to the higher SS anomaly contained 1 ppb Au (Fig. 8B) . Samples from first-order tributaries draining a row of relatively small ridges SE of the Bruksah River contained 10-50 ppb and 1-3 ppb Au in SS and BLEG, respectively. Three SS samples south of the Bergang pluton returned 10-20 ppb Au. In the NW, a series of BLEG samples taken from the first-and second-order streams ranged randomly from 2 to 3.5 ppb Au. Two PC samples from this area returned values of 20 and 0.12 ppm Au, and four PC samples in the SW ranged from 0.06 to 1.2 ppm Au (Fig. 8B) . In each of the above two localities, one set of SS and PC samples from the same sampling site was anomalous in Au. The remaining anomalous stream sediment samples, including the highest BLEG value of 11 ppb Au, were scattered along the Bruksah River and its tributaries in the northern AOI.
Nine stream sediment samples from the area within the confluence between Peusangan and Bruksah rivers in the NE contained between 1 and 3.5 ppm Ag, and the remaining 71 samples assayed less than 1 ppm Ag. Similarly, analyses of 38 BLEG samples showed only one sample with 3 ppm Ag. Additionally, most of the 72 PC samples contained <1 ppm Ag, and several samples have a Ag value between 1 and 4 ppm. Consequently, Ag was removed from the list of elements to be determined.
For base metals, during the first phase period, only four Cu anomalies (39 to 65 ppm) and five Zn anomalies (270 to 493 ppm) were found in the <80-mesh SS (marked with arrows, Fig. 9A & C) . In contrast, several Pb and As anomalies occurred along the Bruksah River and its tributaries. Several sites were anomalous in As Pb Au (SS and/or BLEG), for example, those along the small eastern ridges and the Bruksah River, c. 3 km downstream from the subsequently discovered Collins prospect.
During Phase II of the programme, only two SS samples located upstream from the Semelit pluton registered values of 90 and 50 ppb Au. The former also contained 0.36% As, the highest value recorded in the AOI. Stream sediments in this area are anomalous in both Pb and As, similar to those in the NE. In the southwestern sector where four anomalous PC samples were recognized during Phase I, two BLEG samples assayed up to 8 ppb Au (Fig. 8B) , ranking them as the second highest BLEG samples in the AOI. Further to the west, BLEG samples from first-and second-order tributaries that drain the NW-SE-trending ridges averaged 2.5 ppb Au. Many of these samples coincided with PC samples containing at least eight small, recognizable Au grains.
In the second stage of exploration, many Cu anomalies (33 to 45 ppm) were detected in the stream sediments and they were widely spread in the southwestern sector where the total catchment area is c. 54 km 2 (Fig. 9A) . At some sites, Cu correlated positively with BLEG Au (2 ppb), Pb (32 to 44 ppm) and As (21 to 28 ppm). All sediments taken from small tributaries on the west bank of the Semelit River across from the Semelit pluton were anomalous in Pb.
Lithogeochemistry and mineralization
During the first phase of exploration, weakly anomalous Au patterns of 0.1 to 0.2 ppm in altered schist were found in the NE where a silicified rock float collected during an initial site visit yielded 3.15 ppm Au (Fig. 10) . Base metal anomalies were weak: Cu: 156 ppm; Pb: 37 to 42 ppm; Zn: 70 to 295 ppm; As: 60 to 1280 ppm, and were clustered in both the northeastern and southeastern schists. The latter area was also anomalous in Mo (69 to 88 ppm), and float of the same rock type in this area contained relatively high concentrations of Pb (77 ppm), Zn (88 ppm) and As (608 ppm). A bleached and slightly silicified sample of the Bergang pluton at the northern intrusive contact contained 125 ppm Mo and 78 ppm Pb. The only Cu anomaly (203 ppm) was found in a sample from the Bruksah sandstone near the previously undiscovered Collins prospect.
Four mineral showings were discovered during Phase II fieldwork (Fig. 10) . Showing 1, located at the northern tip of the Semelit pluton, consists of massive veins, vein swarms and stockwork. This site was subsequently called the Collins prospect (named after the lead geologist Michael Collins). All creeks in the area, regardless of their flowing directions (although mostly northwestward), eventually join the Semelit River. The aerial extent of the veins is c. 400 800 m, but individual veins rarely exceed 30 m in strike length. On the basis of induced polarization data, the veins are speculated to coalesce at a depth of 200 m below the surface (Elliott 1998) . Massive veins, 15 to 25 cm wide, were discovered during the late stage of Phase II, but little is known about their internal structure and opaque mineralogy. In the text that follows, the massive veins are thus excluded, and the vein swarms and stockwork are collectively called 'veins'.
The mineralized quartz veins dominantly occur in arkosic sandstone and conglomerate, and to a lesser extent in siltstone. They generally strike NNE-SSW to E-W, and dip vertically or Number of analyses equal to or greater than the detection limit. In statistical calculations, however, values less than the detection limit were set to half of the detection limit. Used during the exploration by applying the comparative method of Govett (1983) for Au contents in all stream sediment media and in rocks. Base metal threshold values in stream sediments by the statistical method of Sinclair (1976) . Details in the text. The highest value 19,900 ppb was not included in the statistical calculations.
steeply (>65 ) toward the east. Vein quartz forms a comb texture with euhedral crystals terminating in cavities. Individual mineralized veins typically contain the following minerals (confirmed with SEM-EDS): Au (electrum; up to 200 µm, but generally less than 50 µm), galena, chalcopyrite, sphalerite, pyrite, potassium feldspar, magnetite, and chlorite. The sulphide minerals are identifiable with or without a hand-lens. Wall-rock alteration ranges from narrow zones of silicification and illitesericite near the veins to a regional zone of chlorite-sericite away from the veins.
Assays from several channel samples in the veins returned maximum values of 11 ppm Au (at 5 m), 0.06% Cu, 0.35% Pb, and 0.03% Zn. The highest Au concentration in a grab sample of vein and wall rock was 17 ppm Au; and the sample also contained 0.1% Cu, 1.36% Pb, and 0.11% Zn. Arsenic is below 60 ppm in all the samples analysed from the Collins prospect, in contrast to the As-rich Au-bearing samples in the NE and west. A sample from a strongly oxidized and colourful (black, green and red) outcrop on the west bank of the Semelit River across from the 'discovery' outcrop contained 2.58% Cu, 90 ppb Au, 118 ppm Pb, 3100 ppm Zn and 590 ppm As. Analysis of illite-sericite altered wall rocks and veined rocks located 1 km south of the Collins prospect returned assays of 305 ppm Cu, 2750 ppm Pb, 3600 ppm Zn and 2100 ppm As; however, the Au content of these rocks is low (maximum 35 ppb). Float samples collected in the stream valley after the discovery of Collins returned an average value of 4 ppm Au.
A traverse across the western area characterized by magnetic and stream sediment anomalies led to the discovery of Showing 2: Au-Cu mineralization in brecciated and silicified limestone of the Situtup formation (Fig. 10) . Altered host rocks consist of calcite (50%), quartz (40%), epidote (2%), relicts of mafic minerals and disseminated chalcopyrite, covellite and tetrahedrite (3 vol%). Assays from a suite of samples returned up to 1 ppm Au, 1240 ppm Cu, 73 ppm Zn and 140 ppm As. A few Au-and Cu-bearing float samples were also found in this area.
Showing 3 is bounded by the conjugate faults in the south and consists of Cu Pb Zn As mineralized outcrops. At these locations, quartz vein stockworks containing specks of chalcopyrite, galena and pyrite cross-cut basalt-andesite lava flows. Wall rock alteration varies from narrow silicification haloes along the vein margins to 'propylitization' in the host rocks. The altered wall rocks also contain disseminated chalcopyrite and pyrite.
While attempting to trace the source of anomalous stream sediment Au patterns west of the Bergan pluton, granite-hosted molybdenite-bearing veinlets were discovered on the flank of a prominent peak (Showing 4; Fig. 10 ). The veins are composed of fine-grained molybdenite rosettes as well as quartz, calcite, and K-feldspar. They strike E-W or NE-SW, parallel to the regional fault trends. Hydrothermal alteration in the wall rock extends for c. 150 m, and consists of a chlorite-Kfeldspar-epidote-carbonate assemblage with unidentified opaque minerals. A wall-rock sample assayed 230 ppm Mo, 20 ppb Au, 325 ppm Cu, 178 ppm Pb and 570 ppm Zn. Copper contents in float from this area reached 480 ppm.
Float of massive pyrite-and chalcopyrite-bearing quartz veins in the stream valley south of the Bergang pluton contained up to 2150 ppm Cu and 420 ppb Au. The streams in this locality drain the opposite side of the same ridges that are drained by the Au-bearing tributaries shown in Figure 8A & B, but the source rocks for the float have not yet been found.
AIRBORNE GEOPHYSICAL SURVEY
In February 1997, Aerodat Ltd (Canada) conducted a helicopter-borne magnetic and radiometric survey over an area slightly larger than the AOI in the southern part of the tenement. Survey specifications were as follows: 400 m traverse line spacing, north-south traverse line direction, 2 km tie-line spacing, east-west tie line direction, 60 knots (31 m s 1 ) nominal aircraft ground speed, 60 m (magnetic) and 75 m (spectrometer) sensor terrain clearances, and scan rate of 0.1 s (magnetometer) and 1 s (spectrometer). An optically pumped, cesium vapour Scintrex magnetometer and an Exploranium GR-820 gamma-ray spectrometer were used to detect the magnetic and radiometric responses, respectively. Results of the survey were plotted on 1:25,000 maps.
Lithomagnetic domains and magnetic lineaments
The total magnetic intensity image (reduced to the pole) shows a generally low magnetic relief occupying the central part of AOI, and two low to high zones in the south (Fig. 11A) . Tertiary sedimentary rocks, particularly the Bruksah sandstone and Bampo mudstone, dominate the subdued relief area. This magnetic signal extends to the northern areas (not shown) where flat-lying felsic pyroclastic rocks mix with siliciclastic rocks and sediments. The first magnetic zone in the south trends NWN to NW and covers an area c. 15 km by 6 km that includes the Bergang and Semelit plutons, as well as the metamorphic basement rocks. The magnetic intensity of this zone is generally low with some irregular high magnetic anomalies. The second, smaller magnetic zone is located in the SW corner and shows many irregular high and low anomalies. This zone covers the basalt-andesite flows and parts of the Situtup limestone.
The NW-to NNW-trending and NE-to E-trending lineament patterns of the AOI deduced from the aeromagnetic data are similar to those interpreted from SAR imaging (Fig.  11A ). In addition, the aeromagnetic data reveal two elliptical features (1-2 km across) at the NE margin of the regional magnetic zone. The smaller ellipse displays moderate relief, is located at the intersection of faults trending 060-070 and 110 , and coincides partly with the Semelit pluton and the Collins prospect. By contrast, it is not yet known if the larger elliptical feature relates to any particular lithological unit or structure. In the SW corner, NW-trending and semi-circular magnetic lineaments bound the southern and eastern margins of the magnetic zone over the Situtup limestone and basalt-andesite flows.
Radiometric zones
The highest total radiometric rates of 200 counts s 1 (cps; mostly K and lesser Th) occur along the southern half of the Peusangan River gorge, and along a short segment of the smaller Bruksah River at their confluence (Fig. 11B) . These high-count rates stop where the river gorge broadens into a river valley. The K count rates range from 70 to 100 cps in the south (commonly 40 cps), coincident with a large magnetic zone. High K rates mark the Bergang and Semelit plutons, although Th remains low at 6 cps. Moderate total count rates characterize the center of the AOI. The remaining areas, which are predominantly underlain by sedimentary rocks, emit low total radiometric count rates. Figure 12A depicts the integration of geological, remote sensing, geochemical and geophysical data for the AOI gathered by the end of the first reconnaissance programme in April 1997. The mineralized rocks along the Bruksah River coincide with the NE-SW lineament as interpreted from SAR and LANDSAT images, but the mineralization is weak and the geology does not reflect a suitable environment for the targeted epithermal or porphyry Cu-Au system. Moreover, surface bedrock mineralization was not found in the areas that were anomalous in Au or base metals. The northern AOI was thus labelled as a low priority in the search for the targeted mineral deposits. Similarly, stream sediment and rock anomalies in the area surrounding the Bergang pluton were too weak to warrant a first priority for the next field season. The exception to this was the western margin of the pluton where the highest SS Au anomaly occurred.
INTEGRATION
Although results from the initial survey did not find any encouraging mineralized outcrops, the first exploration review recognized several important geological, geochemical and geophysical features of the AOI. This review underscored the importance of structural control on mineralization (the NNE-SSW faults), and revealed that the NW-SE fault zones appear to be an extension of the faults controlling the Pisang Mas Au prospect located south of the tenement (Fig. 1) . Also recognized was the occurrence of SS Pb and As anomalies along the Bruksah River and the common association of these metals with Au (Levinson 1974) . Finally, the smaller elliptical lineament with moderate magnetic intensity and moderate to high K counts around the Semelit pluton area were considered important features, as they could be related to porphyry Cu, skarn and/or epithermal deposits (Wright 1981; Irvine & Smith 1990) .
The area in the SW that is underlain by limestone and volcanic rocks, and bounded by the southern segment of the conjugate faults exhibits moderate magnetic and radiometric responses. High radiometric anomalies reflect either high-K or potassically altered rocks (Irvine & Smith 1990) , and potassic alteration is commonly associated with porphyry Cu deposits (Bean & Tilley 1981) . Furthermore, PC and BLEG samples in this area were anomalous in Au (Fig. 8B) , and previous workers identified the stream sediments from the same area as anomalous in base metals (see Fig. 3 ). All of these considerations prompted field traverses mostly across the southwestern quadrant during Phase II, which also included a programme to visit some of the geochemically anomalous areas that could not be reached earlier, such as those between the Semelit and Bergang plutons. This effort culminated with the discovery of the four Au and base metal showings discussed above (see Fig. 10 ). The area surrounding the Collins prospect is associated with an elliptical magnetic feature, a NE-SW-trending fault system, and isolated moderate to high K responses. The latter may reflect the illite-sericite-K-feldspar alteration assemblage of the prospect. As predicted, mineralized outcrops were located along the southern part of the conjugate fault system. The previously reported anomalous stream sediments in this area were also confirmed during the investigation. Along the tenement border in the SW, disseminated Cu-Au mineralization in silicified and brecciated limestone (skarn-like) occurs at the northern periphery of the geophysical anomaly. Ground checking of the most highly anomalous SS Au patterns SE of Collins found instead molybdenite veinlets in granite with pervasive potassic alteration. In light of these findings, a prospect delineation programme involving test drilling was planned for Collins in addition to a programme for detailed verification of anomalies at the other showings. Unfortunately, all activities were abruptly aborted during preparation for this phase. Figure 8A & B shows that anomalous Au patterns were present in BLEG, SS and to a lesser extent PC samples from the northern half of the AOI, and that a few sites were anomalous in two of the three different sample media. This Au distribution contrasts with the preponderance of 'anomalous' BLEG and PC samples in the SW, as only one SS sample with 10 ppb Au was present in the area. Because Au was detectable in several BLEG and PC samples from the same site in this area, the discrepancy is interpreted to have resulted from the nugget effect. This hypothesis could also be inferred from subsequent petrographic observations that Au grains varied in diameter from 10 to 200 µm. Further evidence comes from the variations in Au duplicate analyses. Despite the potential for false negatives when dealing with the nugget effect, the <80-mesh fraction nonetheless revealed several Au anomalous patterns from SS samples in the AOI, particularly near the Bergang and Semelit pluton, and along the upper Bruksah River.
DISCUSSION
Distribution of metals in stream sediments: remaining questions
The contrasts in overall Au distribution in the north and south of the AOI could be explained in terms of environmental and mineralogical factors. In tropical regions, the distribution of metals in stream sediments is governed by a myriad of factors such as hydraulic regime, source rocks, the nature of the channel/terrain, and temporal variations (Appleton & Ridway 1994) . For areas having marked differences in the distribution of Au for different size fractions of stream sediments, two case studies have provided an explanation that could be applicable to the Takengon tenement. In northern Thailand, Nuchanong & Nichol (1992) noted that fine Au grains from one bedrock source yielded anomalies in the <63 µm fraction of stream sediments, whereas coarse-grained Au from a different bedrock source resulted in high values in the field-pan concentrates. In a similar geographical setting, Paopongsawan & Fletcher (1993) found erratic Au dispersions for different size fractions and concluded that high discharge (strong hydraulic conditions) promotes winnowing of fine sediment, thereby concentrating heavy minerals and Au in the drainage channel.
Although no detailed documentation is available for variation in the size of Au grains from stream sediments in the AOI, field observations do provide a comparison of opaque mineral grain sizes in rocks from the SW and NE. In these two localities, the tributaries that carried metalliferous sediments originate from catchment areas with known mineralized outcrops (Fig. 12A &  B) . Chalcopyrite, galena and unidentified metallic minerals are visible in the porphyry-type and skarn-like mineralization in the SW. By contrast, none of the 'anomalous' rocks from the NE display any visible opaque minerals other than pyrite. If the above-mentioned outcrops in both localities were the source of the metals in their respective stream sediments, could their grain-size variations be one of the factors that led to the observed differences in Au distribution within various sediment fractions? Furthermore, ridges are higher and receive more precipitation in the SW than in the NE, particularly during the dry season. Thus the question is whether this frequent discharge had indeed caused a fractionation of Au particles in the Takengon southwestern drainage systems, resulting in a concentration of coarse-grained Au particles in the stream bed in a manner similar to that proposed by Paopongsawan & Fletcher (1993) .
Another field observation that implied a probable connection between mineralized outcrops and metal dispersion in stream sediments can be seen around the Bergang pluton in the SE. Similar to areas in the SW and the NE, metal-bearing tributaries in the SE (from previous workers, Fig. 3 ), drain from rocks that were anomalous in Pb (Fig. 10 ). This spatial relation gives the impression that the observed mineralized outcrops are the probable source for the metalliferous sediments. Yet confirmation on all three cases would require a comparison between the nature and composition of the opaque minerals in the bedrock with those from the Cu-and Pb-bearing sediments, as well as a better understanding of the metal distribution patterns for the entire catchment area.
Relative effectiveness of the exploration techniques
The Takengon tenement was a 'grass-roots' mineral claim with no previous publication regarding bedrock mineralization. Nearby mineral deposits were controlled by regional faults, so early structural interpretation of RadarSAT and LANDSAT TM images was a logical step for target selection. The interpretation identified NE-SW-and NW-SE-trending faults, which were later shown to be proximal to the Takengon mineral showings. The technique therefore proved effective in narrowing the target area. For the three types of stream sediment samples, the effectiveness of the <80-mesh fraction relative to the other sampling media depends on the terrain. Around the Bergang and Semelit pluton areas, the SS sampling was equally effective or better than the other sampling techniques for detecting the presence of Au in stream sediments. In the mountainous terrain of the SW, the SS samples proved to be effective in confirming Cu, Pb and As anomalies because of the visible chalcopyrite and galena. By contrast, bulk leach extractable Au (BLEG) and pan concentrate (PC) sampling were more effective than the <80-mesh fraction for identifying Au anomalies, because the latter fraction is most likely too coarse to include Au grains. Although the three sampling media produced variable degrees of tangible results in the AOI at the reconnaissance and regional scales, it was recommended that a finer grain size of <200-mesh (i.e. 75 µm) or less be collected concurrently with the <80-mesh fraction in future detailed stream sediment survey. Such a practice is common in stream sediment geochemical exploration (e.g. Carlile et al. 1998; Appleton & Ridway 1994 , and references therein), and the finer fraction could produce a more consistent result (see a review by Fletcher 1997) .
Lithogeochemistry was less reliable than other techniques in recognizing the Collins prospect, because mineralization is restricted to veins and because the rocks are barren north of the prospect. On the other hand, the technique could have led to the Collins discovery if sampling had commenced from south of the Semelit pluton. Lithogeochemistry contributed to the finding of the porphyry-style and skarn-like mineralization. Regional airborne magnetic and radiometric data were effective aids in pursuing the stream geochemical anomalies in the SW, although the area would have been explored in detail nonetheless, because of the fault-controlled nature of the mineralization and the anomalous stream sediments. The recognition of the circular magnetic lineaments in the south central part of the AOI contributed to the discovery of Collins. The full impact of these techniques can only be fully evaluated if any of the prospects becomes an ore deposit.
Comparison with stream sediment anomalies observed by other workers
The 'anomalous' stream sediment geochemistry map deduced from the maps by the British and Indonesian Geological Surveys (summarized in Fig. 3 ) is similar to the one reported here (Fig. 9) . Both show polymetallic-bearing sediments in the NE, a prominent Pb anomaly in the Semelit pluton area and in the SW, and low Zn concentrations throughout the AOI. Most Cu and Pb values obtained from both investigations were below 29 ppm, but our maximum values were higher than those of the previous investigation. An apparent difference is shown by the extensive Pb anomalous patterns in the north of the Bergang pluton in the previous work. Based on our data, this disparity can be attributed to either our higher threshold values (i.e. 32 ppm) or the sparse number of samples collected in this area for the current study (see Fig. 9B ). Also in contrast, the previous surveys showed an overall low Cu level in the SW, whereas the current study demonstrated that the same region was peppered with Cu anomalies. Chalcopyrite, the main Cu-bearing mineral in the area, was recognizable even without a hand-lens. The British-Indonesian team collected a finer size fraction, which could have excluded the coarse-grained chalcopyrite from their analyses.
Potential for ore deposits
The Collins vein system covers an area of c. 400 800 m. Its textures and mineralogy are typical features associated with low sulphidation epithermal mineralization (White & Hedenquist 1995) . The presence of magnetite in the Collin veins is significant, because this mineral is characteristic of Au-Cu mineralization in north Sumatra (Van Leeuwen 1994) and is common in many Au-rich porphyry Cu deposits (Sillitoe 1997) . The oxidized outcrops containing 2.6% Cu and 0.09 ppm Au that occur adjacent to the Collins prospect resemble the supergene enrichment zone normally found in the upper part of porphyry Cu deposits (Bean & Tilley 1981) . Spatial and genetic relations between epithermal and porphyry Cu systems have been documented (e.g. Tavua; Eaton & Setterfield 1993) , and the porphyry Cu deposits in the southern circum-Pacific rims are generally Au-bearing (e.g. Batu Hijau; Meldrum et al. 1994) . The Collins prospect therefore seems to possess some of the diagnostic features of epithermal-porphyry Cu mineralization. As the nature of the veins and oxidized rocks imply a relatively shallow occurrence, the potential exists for the discovery of a large, uneroded epithermal-porphyry Cu-Au deposit.
The currently small data set for the other showings inhibits speculations about their viability, but these mineralized outcrops do exhibit a few surface expressions that are common to porphyry-style deposits (Showings 3 and 4: mineralized veins, potassic alteration, disseminated chalcopyrite and galena in altered wall-rocks) and skarn-type Au-Cu deposits (Showing 2: disseminated Au-Cu mineralization in silicified and brecciated limestone). Further detailed exploration is required to determine their true potential.
